Frontotemporal dementia (FTD) is a neurodegenerative behavioral disorder that selectively affects the salience network, including the ventral striatum and insula. Tau mutations cause FTD, but how mutant tau impairs the salience network is unknown. Here, we address this question using a mouse model expressing the entire human tau gene with an FTD-associated mutation (V337M). Mutant, but not wild-type, human tau transgenic mice had aging-dependent repetitive and disinhibited behaviors, with synaptic deficits selectively in the ventral striatum and insula. There, mutant tau depleted PSD-95, resulting in smaller postsynaptic densities and impaired synaptic localization of NMDA receptors (NMDARs). In the ventral striatum, decreased NMDAR-mediated transmission reduced striatal neuron firing. Pharmacologically enhancing NMDAR function with the NMDAR co-agonist cycloserine reversed electrophysiological and behavioral deficits. These results indicate that NMDAR hypofunction critically contributes to FTD-associated behavioral and electrophysiological alterations and that this process can be therapeutically targeted by a Food and Drug Administration-approved drug.
Introduction
Frontotemporal dementia (FTD) is a devastating disease that causes a variety of behavioral symptoms with brain region-specific atrophy and dysfunction. Common presenting symptoms include repetitive behavior, personality changes, social withdrawal, apathy, and disinhibition (Mendez et al., 1997; Neary et al., 1998; Mendez and Perryman, 2002; Rascovsky et al., 2011) . These symptoms are associated with region-specific atrophy and reduced connectivity in the salience network (Rabinovici et al., 2007; Seeley et al., 2009; Zhou et al., 2010) . The salience network includes the anatomically connected insular cortex and ventral striatum. Insular cortex is among the first regions to atrophy in FTD , and its dysfunction correlates with clinical progression (Zhou et al., 2010) . Ventral striatum dysfunction correlates with severity of repetitive behaviors (Josephs et al., 2008; Halabi et al., 2013) .
The neurobiology underlying region-specific dysfunction and behavioral symptoms in FTD is poorly understood. As a result, disease-modifying treatments are lacking. Mutations in the MAPT gene (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998) , which encodes tau protein, are a known cause of FTD. Here we used a mouse model that expresses the entire human tau gene with the FTD-associated V337M mutation (hT-337M mice; McMillan et al., 2008) and found several aging-dependent behavioral abnormalities, including repetitive behavior that, like in FTD patients, was linked to ventral striatum dysfunction. Therefore, this mouse model provides a unique opportunity to determine how tau causes salience network dysfunction and related behavioral abnormalities and to identify potential treatment targets.
To address these questions, we studied behavior, physiology, biochemistry, and neuropathology in several cohorts of hT-337M mice at different ages. Our findings illuminate the molecular mechanisms of mutant tau-mediated behavioral abnormalities and point to a potential and feasible treatment target for FTD.
Materials and Methods

Transgenic mice
All experimental procedures were performed under a protocol approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham. Two transgenic mouse lines expressing the human tau gene (MAPT ) were studied (McMillan et al., 2008) : hT-PAC-337 M , expressing human tau with the FTD-associated V337M mutation (referred to here as hT-337M), and hT-PAC-N, a control line expressing wild-type human tau (referred to here as hT-WT). These lines express the 61D6 P1 artificial chromosome (PAC) with the entire human tau gene, including 5Ј and 3Ј regulatory regions, so expression is driven by the tau promoter. The mouse tau gene was not disrupted. Hemizygous transgenic mice were compared with their nontransgenic (Ntg) siblings. Both transgenic mouse lines were on a congenic C57BL/6J background. Male and female mice were used for all experiments except when specified. Mice were kept on a 12 h light/dark cycle with ad libitum access to food (NIH-31 Open Formula Diet, catalog #7917; Harlan) and water.
Behavior
All behavior experiments were conducted during the light phase of the diurnal cycle and analyzed with the researchers blind to genotype.
Grooming. Each mouse was placed in a clean, empty cage (15.25 ϫ 7.8 ϫ 9.5 inches) to habituate for 10 min. Next, each mouse was moved into a StereoScan behavior monitoring chamber (Med Associates) and was video-recorded for 10 min. Grooming behavior was defined as any rubbing, scratching, or licking of any part of the face or body and was scored by an observer blind to genotype.
Nest building. Mice were moved from group housing to single housing at the start and for the duration of each 72 h nesting experiment. A new nestlet (2 ϫ 2 inches) was weighed and placed in the center of each cage. Then, each mouse's cage was observed after 24, 48, and 72 h. For each observation, the cage was photographed, and the remaining, unused nestlet was weighed. Each nest was scored based on a modified six-point scale (Deacon, 2012) : 0, the nestlet is almost entirely untouched (Ͼ99% intact); 1, the nestlet is mostly intact (Ͼ90% intact); 2, the nestlet is partially torn up (50 -90% intact); 3, the nestlet is mostly torn up (50 -10% intact); 4, the nestlet is almost entirely torn up (Ͻ10% intact) with nest walls higher than the mouse body on Ͻ50% of its circumference; and 5, the nestlet is almost entirely torn up (Ͻ10% intact) with nest walls higher than the mouse body on Ͼ50% of its circumference. For scores 1-3, 0.5 was added if there was an identifiable nest site.
Elevated plus maze. Mice were habituated to the testing room with lights and white noise on for at least 1 h. The elevated plus maze (EPM; Med Associates) was 1 m high with 2-inch-wide arms. Each mouse was placed in the center of the maze to begin the 10-min trial. The mouse's activity throughout the maze was measured by video-tracking software (CleverSys).
Cycloserine treatment. To measure the effect on grooming, mice were intraperitoneally injected with saline on one day and then with 20 mg/kg cycloserine (Blundell et al., 2010; C6880; Sigma-Aldrich) on the next day. After either saline or cycloserine injection, mice were returned to their home cage for 20 min. Then they were put in a clean, empty cage for 10 min to habituate. Finally, they were video recorded for 10 min. Grooming behavior was scored by an observer blind to genotype and treatment.
For the effect on the EPM and nesting behaviors, mice were semirandomly assigned to receive 7017 NIH-31 Open Formula diet (Harlan Laboratories) either with or without cycloserine (20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ). Groups were balanced for mouse age and weight. Mice were weighed and food consumption was monitored for several weeks. We determined that the average mouse weighed 26 g and consumed 2.7 g/d food. A formulation with 192.6 mg of cycloserine per kg of diet thus yielded an effective dose of 20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . Mice were monitored daily for changes in weight and food consumption that might indicate an aversion to the diet, and none were noted. After 2 weeks on the diet, the mice were tested in the EPM and then for nesting behaviors.
Biochemistry
Brain region subdissection. For subregion-specific biochemistry, we dissected several brain regions from mouse hemibrains. To get hemibrains, mice were killed with 100 mg/kg Fatal-Plus (Vortech Pharmaceuticals) and decapitated, and hemibrains were flash frozen on dry ice. Frozen hemibrains were chopped into 450 m sections with a tissue chopper, and the sections were transferred to a Petri dish filled with ice-cold PBS plus protease and phosphatase inhibitors. Using a dissecting microscope, the sections were subdissected into various brain regions based on anatomical landmarks (Franklin and Paxinos, 2008 ). Each brain region was then stored at Ϫ80°C until use.
Synaptosomal preparations. Synaptosomes were prepared from a modified and scaled-down biochemical fractionation protocol (Hallett et al., 2008) . Frozen, subdissected brain regions were defrosted in ice-cold TEVP buffer (pH 7.4, in mM: 10 Tris base, 5 NaF, 1 Na 3 VO 4 , 1 EDTA, and 1 EGTA) with 320 mM sucrose and protease and phosphatase inhibitors. Tissue was homogenized for 15 s, a small volume of whole homogenate (WH) was saved, and then the remaining homogenate was centrifuged at 800 ϫ g for 10 min at 4°C. The supernatant (S1) was removed, and the pellet (P1, nuclei and large debris) was resuspended in TEVP buffer with protease and phosphatase inhibitors and saved. A small volume of S1 was saved, and then the remaining S1 was centrifuged at 9200 ϫ g for 15 min at 4°C. The supernatant (S2) was removed and saved. The pellet (P2, crude synaptosomal membranes) was resuspended in TEVP buffer with 35.6 mM sucrose and protease and phosphatase inhibitors. A small volume of P2 was saved, and then the remaining P2 was centrifuged at 25,000 ϫ g for 20 min at 4°C. The supernatant (LS1) was removed and saved. The pellet (LP1, synaptosomal fraction) was resuspended in TEVP buffer with protease and phosphatase inhibitors and saved. All pellet fractions were sonicated with a probe sonicator for 10 s. A protein assay was performed on all fractions, which were then stored at Ϫ80°C. Only the WH and LP1 fractions were used for protein level comparison by Western blot to determine the synaptic localization of glutamate receptors.
Western blotting. Samples were run on NuPage 4 -12% gels with NuPage MOPS running buffer for 2 h at 110 V. For WHs, 12 g of protein was loaded into each well. For synaptosomes (LP1), 1.5 g of protein was loaded into each well. Gels were transferred to PVDF membranes in NuPage transfer buffer for 1.5 h at 30 V. Membrane blots were blocked in Odyssey blocking buffer for 1 h at room temperature (RT). Primary antibodies were incubated overnight at 4°C or, in some cases, for 1 h at RT. Primary antibodies were from Millipore and used at 1:1000 unless specified otherwise. Primary antibodies used were as follows: GluR1 (catalog #AB1504), GluR2 (L21/32 clone, 1:500; Antibodies Inc.), NR1 (N308/48 clone, 1:500; Antibodies Inc.), NR2A (catalog #AB10531), NR2B (N59/36 clone; NeuroMabs), postsynaptic density-95 (PSD-95; 7E3-1B8 clone), tau (catalog #A0024; Dako), tau5 (catalog #MAB361), ptau-12E8 (Peter Seubert, Elan Pharmaceuticals, South San Francisco, CA), and ptau-CP9 (Peter Davies, Feinstein Institute for Medical Research, Manhasset, NY). IRDye secondary antibodies (1:20,000 ϩ 0.5% SDS; LI-COR) were incubated for 2 h at RT. Blots were visualized with Odyssey Infrared Imager (LI-COR).
Histology
Immunohistochemistry. Mice were killed with 100 mg/kg Fatal-Plus and decapitated, and then hemibrains were drop fixed in 4% paraformalde- hyde. Hemibrains were serially sectioned at 30 m with a sliding microtome to produce free-floating sections. Sections to be stained were washed, quenched, and blocked as in the protocol of Palop et al. (2011) . Sections were incubated overnight at 4°C in primary antibody [12E8, 1:500; CP-13, 1:100; neuronal nuclei (NeuN), 1:1000], then for 2 h at RT in biotinylated secondary antibody (1:500), and finally for 5 min at RT in DAB reaction mixture. Stained sections were mounted onto gelatin-coated slides and then coverslipped using Cytoseal mounting media. Microscopy was performed on a MicroBrightField system (MBF Bioscience).
Stereological neuron counts. Brain sections were stained for neurons with anti-NeuN monoclonal antibody (MAB377; Millipore Bioscience Research Reagents) and counted by unbiased stereological methods using Stereo Investigator (MBF Bioscience). The optical fractionator probe was used to count three sections (each 30 m thick) with a section interval of 10 between ϩ1.70 and ϩ0.74 mm from bregma. For estimates of neuron populations in the ventral striatum, a minimum of 30 sampling sites per section were sampled on a grid size of 233 ϫ 206 m and a counting frame size of 30 ϫ 30 m. For the insular cortex, at least 60 sites were sampled on a grid size of 200 ϫ 150 m and a counting frame size of 30 ϫ 30 m. For all tissue, the mounted thickness was measured at each sampling site, and a dissector height of 10 m was used. The estimate of the neuron population was finally calculated using the weighted section thickness.
Morphological analysis from Golgi-stained tissue. Male mouse brains were processed for morphological analysis using the FD Rapid GolgiStain Kit (FD NeuroTechnologies) according to the protocol of the manufacturer. Mice were killed with 100 mg/kg Fatal-Plus and decapitated, and then the brains were removed. Hemibrains were submerged in impregnation solution for 9 d and then transferred to a cryoprotectant for an additional 7 d. Next, brains were cut into 200 m sections with a cryostat (Leica Microsystems) and mounted on gelatin-coated slides. After mounting, the slides were rinsed in ddH 2 O and incubated in developing solution. After development, the sections were rehydrated with increasing concentrations of ethanol and cleared with xylene. Last, slides were coverslipped using EUKITT mounting medium (Electron Microscopy Sciences).
Microscopy was performed on a MicroBrightField system (MBF Bioscience). For dendritic spines, image stacks were taken of 10 -40 m segments of second-order dendrites on medium spiny neurons at 100ϫ (oil-immersion objective). All image stacks were manually traced using Neurolucida and analyzed using Neurolucida Explorer.
Electron microscopy. Male mice were anesthetized with 120 mg/kg Nembutal intraperitoneally and transcardially perfused with ice-cold saline, followed by a 4% paraformaldehyde and 0.1% glutaraldehyde mixture in 0.1 M phosphate buffer. The brains were removed and fixed overnight at 4°C. Brains were coronally sliced (50 m thick) on a vibratome and stored in phosphate buffer, pH 7.4. The sections were put in 1% osmium tetroxide for 1 h and then dehydrated in increasing concentrations of ethanol. Sections were placed in 1% uranyl acetate in 70% ethanol for 1 h, further dehydrated with ethanol, cleared with propylene oxide, and then infiltrated with Epon resin. The ventral striatum (nucleus accumbens) was blocked and cut into ultrathin sections (90 nm thick) on a Leica EM UC6 ultramicrotome (Leica Microsystems). Ultrathin sections were mounted on a copper slot grid and imaged on a Hitachi TEM model H-7650-II equipped with a Hamamatsu Orca HR digital camera.
For each mouse, a photographer blind to genotype took 30 random, non-overlapping images at 25,000ϫ, providing a total field of view of 1228.26 m 2 (40.942 m 2 /picture) per mouse. Greater than 130 synapses were identified per mouse. Synapses were classified into categories of either asymmetric axospinous or asymmetric axodendritic. Images were imported into NIH ImageJ, in which PSD areas were traced and measured.
Electrophysiology
Field and whole-cell patch-clamp recordings were performed on acute striatal slices from 14-to 18-month-old mice. Mice were anesthetized in isoflurane and decapitated. The brains were rapidly removed and placed in ice-cold cutting solution (in mM: 75 sucrose, 85.0 NaCl, 2.5 KCl, 4.0 MgSO 4 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 25.0 NaHCO 3 , and 25.0 glucose) saturated with 95% O 2 and 5% CO 2 . Coronal slices (400 m thick) were prepared on a Vibratome, and acute striatal slices were stored in RT aCSF solution (in mM: 119.0 NaCl, 2.5 KCl, 1.3 MgSO 4 , 2.5 CaCl 2 , 1.0 NaH 2 PO 4 , 26.0 NaHCO 3 , and 11.0 glucose) saturated with 95% O 2 and hT-337M mice had an age-dependent increase in grooming. n ϭ 94 Ntg, 72 hT-337M. ***p Ͻ 0.0001 comparison of best-fit curves. B, hT-337M mice followed longitudinally had an age-dependent increase in grooming by 15 months. n ϭ 10 per genotype. *p Ͻ 0.05, ***p Ͻ 0.001, two-way repeated-measures ANOVA for genotype and age. C, Representative pictures of Ntg mice without and hT-337M mice with repetitive grooming-induced facial lesions. D, Aging-dependent appearance of facial lesions in hT-337M mice (***p Ͻ 0.0001 by log rank) but not in hT-WT mice. E, hT-WT mice did not spend more time grooming. n ϭ 21 per genotype. . Subregion-specific depression of excitatory glutamatergic transmission in aged hT-337M mice. A, Input-output curves from the ventral striatum demonstrated depressed synaptic transmission in hT-337M mice compared with Ntg. n ϭ 11 slices in 5 Ntg mice, 12 slices in 5 hT-337M mice. B, Input-output curves from the dorsolateral striatum were not different in hT-337M compared with Ntg mice. n ϭ 12 slices in 5 Ntg mice, 9 slices in 5 hT-337M mice. p ϭ 0.83. C, Input-output curves from the ventral striatum were not different in hT-WT mice compared with Ntg mice. n ϭ 6 slices in 3 Ntg mice, 7 slices in 3 hT-WT mice. p ϭ 0.85. Insets in A-C show representative traces. D, Representative traces of mEPSC and sEPSC events with and without TTX, respectively, from whole-cell patch-clamp recordings of ventral striatal neurons held at Ϫ70 mV. E, Frequency of spontaneous and miniature events from ventral striatal neurons. sEPSC frequency was reduced in hT-337M mice and, unlike in Ntg mice, was not significantly higher than mEPSC frequency. ***p Ͻ 0.001, ****p Ͻ 0.0001 by Kruskal-Wallis test with Dunn's multiple comparisons test. F, G, Cumulative probability plots showed decreased mEPSC (F ) and sEPSC (G) amplitudes in ventral striatal neurons from aged hT-337M mice. n ϭ 8 neurons in 3 mice per genotype; Kolmogorov-Smirnov tests. H, Representative whole-cell traces of evoked transmission onto ventral striatal neurons before and after application of APV to isolate the AMPAR and NMDAR (APV-sensitive) components. I, Representative traces of NMDAR-dependent fEPSPs in the ventral striatum at maximum stimulus intensity (320 A) showing complete block after APV application (red). J, Input-output curves demonstrated decreased NMDAR-dependent transmission in ventral striatal neurons from hT-337M mice. n ϭ 10 slices in 3 Ntg mice, 11 slices in 3 hT-337M mice. K, Quantification of the NMDAR/AMPAR ratio from H showed no change in the ventral striatum. 5% CO 2 . Slices were allowed to equilibrate for at least 1 h before being transferred to the recording chambers.
Field recordings. Field recordings were performed in an interface chamber (Fine Science Tools) with constant perfusion of 27-30°C aCSF. Pictrotoxin at 100 M (Sigma-Aldrich) was included to block inhibitory transmission. Extracellular stimuli were applied with bipolar tungsten electrodes dorsal to recording electrodes in the ventral striatum (nucleus accumbens core) and dorsomedial to recording electrodes in dorsal striatum. Glass recording electrodes (1-3 M⍀) were filled with aCSF. Input-output curves were generated by applying a range of stimuli from 0.5 to 25 V in 0.5 V increments with an ISO-STIM 01D stimulus isolator (npi electronic).
NMDA receptor (NMDAR)-dependent field recordings were performed in a custom submersion chamber (made at the University of Alabama at Birmingham machine shop) with constant perfusion of 27-30°C aCSF. Picrotoxin at 100 M was included in all recording solutions to block inhibitory transmission. A bipolar nichrome electrode was used for extracellular stimulation. Electrode placement was as described above, and extracellular stimuli were applied in 10 s intervals. After establishing a 10 min baseline, slices were perfused with 0 mM Mg . Input-output curves were generated by applying a range of stimuli from 40 to 320 A in 40 A increments with a constantcurrent isolated stimulator (Digitimer). The area of NMDAR field EPSPs (fEPSPs) was measured in a 20 ms timeframe starting at ϳ6 -8 ms after stimulation. Five traces per stimulus intensity were averaged for each slice. NMDAR fEPSPs were completely blocked by adding 100 M APV (Tocris Bioscience).
Whole-cell recordings. Blind whole-cell patchclamp recordings were performed in a custom submersion chamber with constant perfusion of 27-30°C aCSF. Patch pipettes (2.5-5.0 M⍀) were pulled from filamented borosilicate glass (Sutter Instruments) and filled with one of two types of pipette solution containing 0.4% biocytin (Sigma-Aldrich) for later identification of neuron type. For voltageclamp recordings, the pipette solution contained the following (in mM): 120.0 Cs-methansulfonate, 0.6 EGTA, 2.8 NaCl, 5.0 MgCl 2 , 2.0 ATP, 0.3 GTP, 20 HEPES, and 5.0 QX-314. For current-clamp recordings, the pipette solution contained the following (in mM): 120.0 K-gluconate, 0.6 EGTA, 5.0 MgCl 2 , 2.0 ATP, 0.3 GTP, and 20 HEPES. Whole-cell recordings were collected with a Digidata-1440A digitizer and pClamp 10.2 software (Molecular Devices), low-pass filtered at 2 kHz with an Axopatch-200B amplifier, and digitally sampled at 100 Hz.
EPSCs were recorded in the presence of 100 M picrotoxin to block inhibitory transmission. Spontaneous (sEPSC) and miniature (mEPSC) EPSCs were recorded at a holding voltage of Ϫ70 mV. For mEPSCs, action potentials were blocked with 1 M tetrodotoxin (TTX; Abcam). sEPSCs and mEPSCs were analyzed using Clampfit 10.3 (Molecular Devices). Synaptic events Ͼ4 pA were detected after creating a unique template for each neuron. The first 200 events for each cell were analyzed.
Evoked EPSCs were generated in 10 s intervals with a bipolar nichrome electrode dorsal to the patch pipette in the ventral striatum.
To determine NMDAR/AMPAR ratios, neurons were recorded at a holding voltage of Ϫ20 mV to relieve the Mg 2ϩ plug of NMDARs. After a 5 min baseline, 100 M APV (Sigma-Aldrich) was bath applied to block NMDARs. The remaining current was AMPAR mediated and could be completely blocked with 10 M NBQX. Using Clampfit 10.3, the NMDAR-mediated component was generated by subtracting the AMPAR-mediated components from the baseline currents. The peak amplitude of the NMDAR-mediated component was divided by the peak amplitude of the AMPAR-mediated component to produce the NMDAR/AMPAR ratio. Series and input resistance were monitored throughout each experiment, and neurons were excluded if either of these changed by Ͼ15%.
To record action potentials, neurons were injected with current until they rested at Ϫ70 mV. This provided a common starting point for the current injection steps. The neurons were injected with current steps from Ϫ100 to 300 pA in 25 pA increments to elicit action potentials. The first action potential elicited from these injection steps was analyzed for threshold, amplitude, maximum rate of rise, and half-width (Kaphzan et al., 2013) . Threshold potential was calculated as the voltage at which the first derivative of the action potential trace reached 30 mV/ms. Action potential amplitude, maximum rate of rise, and half-width were analyzed using Clampfit 10.3. Neurons were excluded if no action potentials were fired by at least ϩ150 pA of injected current. For subthreshold recordings, neurons were injected A, Representative Western blots from whole homogenates (left) and synaptosomes (right) from the ventral striatum of 14-monthold mice. B, Normalized quantification of whole homogenates for AMPAR (GluA1, GluA2) and NMDAR (GluN1, GluN2A, GluN2B) subunits demonstrated no differences between Ntg and hT-337M mice. n ϭ 11 Ntg, 13 hT-337M. p Ͼ 0.05 by one-tailed t test. C, Normalized quantification of synaptosomes showed decreased AMPARs and NMDARs. n ϭ 10 per genotype. *p Ͻ 0.05, # p ϭ 0.0780. D, Representative Western blots from whole homogenates (left) and synaptosomes (right) from the dorsal striatum of 14-month-old mice. E, F, Normalized quantification of whole homogenates (n ϭ 13 per genotype) (E) and synaptosomes (n ϭ 11 Ntg, 10 hT-337M) (F ) of the dorsal striatum showed no differences between genotypes.
with enough current to depolarize the cell to Ϫ40 mV, and action potentials were recorded for 5 min. For drug effects, slices were incubated in 100 M APV (Tocris Bioscience) for at least 10 min or in 20 M cycloserine for at least 30 min, but typically for 120 min, before recordings.
Data analysis and statistical methods
Based on pilot studies in our laboratory and similar studies in the literature, we powered each study based on the magnitude of the predicted effect and its variability. Sample sizes of ϳ8 -12 mice/slices/ samples provided at least a power of 80% to find such differences. Sample size for each experiment is indicated in the figure legends.
The data were normally distributed unless otherwise stated. Normally distributed data are represented in bar graphs and x-y plots with error bars indicating SEM. For normally distributed data, we used either a two-or one-tailed t test for direct comparisons or twoway ANOVA for multiple comparisons. A one-tailed t test was used for analyzing glutamate receptor levels because of the predicted decrease in receptor levels given the large effect on excitatory transmission already determined with electrophysiology. For non-normal data, we used nonparametric tests such as the Kruskal-Wallis test with Dunn's multiple comparisons test. We used the KolmogorovSmirnov test for cumulative probability plots.
Results
hT-337M mice have aging-dependent behavioral abnormalities
The transgenic mice studied here express the entire human tau gene. Wild-type (hT-WT) and mutant (hT-337M) human tau transgenes are on a P1-derived artificial chromosome and express all six isoforms of tau under control by the tau promoter (McMillan et al., 2008) . The tau promoter avoids problems with heterologous promoters, and the transgenes drive only moderate overexpression of tau (2.5-to 3-fold compared with Ntg mice; Fig. 1 ).
Although hT-337M mice did not have obvious abnormalities through midlife (ϳ12-14 months), in older mice we noticed a striking pattern of repetitive grooming that increased as the mice aged. We quantified this behavior, first in a cross-sectional study of cohorts at different ages. With aging, hT-337M mice spent abnormally high amounts of time grooming, unlike their Ntg littermates, in which grooming time did not increase with age ( Fig. 2A) . We then followed a cohort longitudinally; grooming increased in hT-337M mice by 15 months (Fig. 2B) . Repetitive grooming was severe enough to cause age-dependent facial lesions in hT-337M mice by ϳ15-18 months, with full penetrance by 28 months (Fig. 2C,D) . These lesions were self-induced, because they occurred in single-housed hT-337M mice and only in transgenic mice when transgenic and Ntg mice were group housed. Repetitive grooming and lesions did not develop in hT-WT mice (Fig. 2 D, E) , suggesting that the effect is driven by the FTD-associated tau mutation and not simply by tau overexpression.
These findings prompted testing the mice in a more thorough behavioral battery. Social behavior, motor coordination, and spatial learning and memory were intact (data not shown).
We used the EPM to assess potential anxiety-like behaviors. The amount of time spent in the open arms was similar between Ntg and hT-337M mice at 9 -11 months of age (data not shown). However, by 15-18 months of age, hT-337M mice spent more time in the open arms compared with Ntg mice (Fig. 2F ) , suggesting an aging-dependent, anti-anxiety or disinhibited phenotype in hT-337M mice. There was no difference in distance traveled between genotypes, indicating similar activity levels Figure 5 . Impaired synaptic localization of AMPARs and NMDARs in the insular cortex. A, Representative Western blots and quantification of whole homogenates from insular cortex of 14-month-old mice. There were no differences in AMPAR (GluA1 or GluA2) or NMDAR (GluN1, GluN2A, GluN2B) subunits between genotypes. n ϭ 10 -13 per genotype. B, Representative blots and quantification of synaptosomes from the insular cortex of 14-month-old mice. There were significant decreases of all AMPAR and NMDAR subunits examined. n ϭ 10 -11 per genotype. *p Ͻ 0.05. C, Representative blots from synaptosomes of the motor cortex from 14-month-old mice. Normalized quantification of synaptosomes for AMPAR (GluA1, GluA2) and NMDAR (GluN1, GluN2A, GluN2B) subunits showed no differences between genotypes. n ϭ 9 -11 per genotype. during testing (Fig. 2G) . In contrast to hT-337M mice, hT-WT mice had open-arm time in the EPM similar to Ntg mice (Fig.  2H ) , demonstrating that this behavioral abnormality is also mutation-specific.
Finally, we compared nest building behavior in Ntg and hT-337M mice. Nests from hT-337M mice were indistinguishable from Ntg mice at 1-2 months of age (data not shown). However, hT-337M mice developed nest building deficits by 3-5 months of age, the earliest abnormality we detected in these mice (Fig. 2J ) . Nest building was intact in hT-WT mice (Fig. 2J ) .
Decreased excitatory transmission and impaired network activity in the ventral striatum of hT-337M mice
Because repetitive behavior was the most striking behavioral abnormality in hT-337M mice and repetitive behavior in FTD is linked to ventral striatum dysfunction (Josephs et al., 2008; Halabi et al., 2013), we determined whether there were synaptic functional changes in the ventral striatum of hT-337M mice.
Using extracellular fEPSP recordings in acute striatal slices prepared from 14-month-old mice, the age at which repetitive behaviors became apparent, we found a significant deficit in excitatory transmission in hT-337M mice compared with Ntg mice (Fig. 3A) . Interestingly, no difference in excitatory transmission was observed in recordings from the dorsal striatum between hT-337M and Ntg mice (Fig. 3B) , indicating selective deficits in the ventral striatum, and there was no difference in recordings from the ventral striatum between hT-WT and Ntg mice (Fig. 3C) , indicating mutation-specific deficits, consistent with the behavior data.
Because fEPSPs in the ventral striatum are mediated predominantly by AMPARs (Zhang and Warren, 2008), these findings suggested a possible deficit in AMPAR function. To better understand these changes, we recorded mEPSCs and sEPSCs from medium spiny neurons in the ventral striatum using whole-cell voltage clamp (Fig. 3D) . sEPSCs include action potential-dependent and -independent events, whereas mEPSCs, which occur in Figure 6 . Dendritic spine PSDs are smaller in the ventral striatum of aged hT-337M mice. A, Estimated population of neurons using stereological counts and weighted section thickness from NeuN-stained sections showed no change in either region of interest in hT-337M mice. Three 30-m-thick sections per mouse, n ϭ 9 -11 per genotype. B, Representative photomicrograph of Golgi-stained medium spiny neuron dendrites in ventral striatum of 24-month-old Ntg and hT-337M mice. Scale bar, 5 m. C, Quantification of dendritic spine density showed no change in hT-337M mice. n ϭ 17 Ntg, 19 hT-337M dendrites from 3 mice per genotype. D, Spine head diameter was quantified during tracing and reconstruction of dendrites and showed no change in hT-337M mice. E, Representative electron microscopy images showing asymmetric axospinous (AS) synapses. sp, Dendritic spine head. PSD denoted by arrow. Presynaptic vesicles denoted by arrowheads. Scale bar, 0.50 m. F, There was no difference in the total number of AS or asymmetric axodendritic (AD) synapses per 1000 m 2 in the ventral striatum of hT-337M mice. n ϭ 3 mice per genotype. G, Total PSD area per 1000 m 2 was decreased at asymmetric axospinous synapses in ventral striatum of hT-337M mice. n ϭ 3 mice per genotype. **p Ͻ 0.01, two-way repeated-measures ANOVA for genotype and synapse type with Bonferroni's multiple comparisons test. H-J, Cumulative probability plots showed decreased PSD area (H ), thickness (I ), and length (J ) in the ventral striatum of hT-337M mice (Kolmogorov-Smirnov tests). H-J, Insets show histograms with Gaussian fit curves.
the presence of TTX, include only action potential-independent events. As an index of excitatory synaptic input to the ventral striatum, we compared the frequency of sEPSCs and mEPSCs. mEPSC frequency was unchanged in hT-337M mice compared with Ntg mice (Fig. 3 D, E) , suggesting intact presynaptic function and normal numbers of synapses in hT-337M mice. In Ntg mice, sEPSC events were significantly more frequent than mEPSC events (Fig. 3 D, E) , consistent with occurrence of spontaneous presynaptic action potentials driving some synaptic activity in these slices. However, in hT-337M mice, there was no difference between the frequency of sEPSC and mEPSC events (Fig. 3 D, E) , suggesting less action potential-dependent input onto medium spiny neurons.
We also examined the amplitudes of mEPSCs and sEPSCs, which generally reflect postsynaptic function. Both mEPSC and sEPSC amplitudes were decreased in hT-337M mice (Fig.  3 D, F,G) . This is consistent with the reduced fEPSP amplitudes, indicating decreased postsynaptic AMPAR function.
Next we determined whether NMDAR function was also impaired, in addition to AMPAR impairments, in the ventral striatum of hT-337M mice. To address this question, we first calculated NMDAR/AMPAR ratios of evoked EPSCs. NMDAR/ AMPAR ratios did not differ between Ntg and hT-337M mice (Fig. 3 H, K ) . Given the large decrease in AMPAR function (Fig.  3 A, F,G) , the lack of any change in the NMDAR/AMPAR ratio suggests a parallel decrease in NMDAR function.
To directly examine NMDAR function in the ventral striatum, we measured NMDAR-dependent fEPSPs by recording from slices in aCSF with GYKI 52466 (an AMPAR antagonist) and without magnesium. NMDAR-dependent fEPSPs were decreased in hT-337M mice (Fig. 3 I, J ). These data demonstrate NMDAR hypofunction in the ventral striatum of hT-337M mice.
Abnormal biochemical composition of excitatory synapses in insulostriatal regions of hT-337M mice
Because hT-337M mice had impaired excitatory transmission in the ventral striatum, we determined whether there were biochemical changes at excitatory synapses in the ventral striatum of hT-337M mice. We compared the levels of AMPAR and NMDAR subunits in the ventral striatum of 14-month-old mice, because AMPARs and NMDARs are the primary receptors for excitatory transmission and the electrophysiological recordings indicated that both were decreased in the ventral striatum of hT-337M mice. Although AMPAR and NMDAR subunit levels in WHs of the ventral striatum were unchanged (Fig. 4A,B) , levels in synaptosomal preparations were significantly decreased (Fig. 4C) . These data suggest impaired synaptic localization of glutamate receptors in the ventral striatum. In the dorsal striatum, both WH and synaptosomal levels of AMPARs or NMDARs were unchanged (Fig. 4D-F) , consistent with the fEPSP results (Fig. 3B) and again indicating selective vulnerability in the ventral striatum.
Next we determined whether synaptic localization of glutamate receptors was also altered in the insular cortex, which is one of the primary cortical inputs to the ventral striatum and is also selectively vulnerable in FTD patients. As in the ventral striatum, AMPAR and NMDAR subunit levels in the insular cortex were unchanged in WHs (Fig. 5A ) but decreased in synaptosomes in hT-337M mice (Fig. 5B) . However, in the motor cortex, a nearby and cytoarchitecturally similar region to the insular cortex, synaptosomal levels of AMPAR and NMDAR subunits were unchanged (Fig. 5C) . Together, these data suggest impaired synaptic localization of glutamate receptors in selectively vulnerable brain regions of hT-337M mice. Region-specific depletion of PSD-95 with aging in hT-337M mice. A, B, Representative Western blots and quantification of PSD-95 levels in the ventral (VS) and dorsal (DS) striatum of hT-337M mice. B, In the ventral striatum of hT-337M mice, PSD-95 levels were decreased as early as 14 months (n ϭ 11 Ntg, 13 hT-337M) and remained decreased at 22 months in hT-337M mice (n ϭ 15 Ntg, 14 hT-337M). PSD-95 levels were not different in the dorsal striatum even by 22 months. n ϭ 12 Ntg, 10 hT-337M. C, Representative blot and quantification of PSD-95 levels in the ventral striatum of 22-month-old Ntg and hT-WT mice showing no differences. n ϭ 9 Ntg, 10 hT-WT. D, E, Representative Western blots and quantification of PSD-95 levels in the insular cortex and motor cortex of hT-337M mice. E, In the insular cortex of hT-337M mice, PSD-95 levels were decreased as early as 2 months (n ϭ 10 Ntg, 8 hT-337M) and remained decreased at 22 months in hT-337M mice (n ϭ 15 Ntg, 14 hT-337M). PSD-95 levels were not different in the motor cortex even by 22 months (n ϭ 15 Ntg, 14 hT-337M). F, Representative blot and quantification of PSD-95 levels in the insular cortex of 22-month-old Ntg and hT-WT mice showing no differences (n ϭ 9 Ntg, 10 hT-WT). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, # p ϭ 0.0938.
Smaller postsynaptic densities at excitatory synapses in hT-337M mice Next we examined the neuroanatomic basis of these synaptic changes. Decreased excitatory transmission in hT-337M mice could have been attributable to fewer neurons. We determined whether there was neuron loss in the ventral striatum or the insula in hT-337M mice by comparing unbiased stereological neuronal counts in 22-month-old Ntg and hT-337M mice. There were no differences in neuron counts in either the ventral striatum or insular cortex (Fig. 6A) . Fewer or smaller dendritic spines, which are the site of excitatory synapses, could also have contributed to the synaptic deficits we observed. To examine the density, shape, and diameter of dendritic spines, we compared Golgi-stained medium spiny neurons in the ventral striatum of 24-month-old mice. Even at this late age, dendritic spine density was similar in Ntg and hT-337M mice (Fig. 6 B, C) . Furthermore, there was no difference in the proportions of different type/shapes of spines (data not shown), and the average spine head diameter was unchanged in hT-337M mice (Fig. 6D) .
Given the normal density and size of dendritic spines and recent evidence that tau can localize to the PSD of excitatory synapses (Hoover et al., 2010; Ittner et al., 2010; Chabrier et al., 2012 ; Mondragó n-Rodríguez et al., 2012; Kimura et al., 2014), we determined whether the PSD of dendritic spines was affected. We counted synapses and measured the area, length, and width of Figure 8 . Increased phosphorylated tau in salience network regions. A, Representative Western blots and quantification of phosphorylated tau using the 12E8 antibody. Levels of phosphorylated tau were much higher in the ventral striatum than in the dorsal striatum and were increased in both regions of 14-month-old hT-337M mice. n ϭ 11-13 per genotype per region. **p Ͻ 0.01, ***p Ͻ 0.001 by two-way ANOVA. VS, Ventral striatum; DS, dorsal striatum. B, Representative blots and quantification of human tau expression in the ventral and dorsal striatum of hT-337M mice shows that the higher levels of phosphorylated tau in the ventral striatum was not attributable to higher transgene expression there, because levels of total human tau were actually somewhat higher in the dorsal striatum. n ϭ 6 for ventral striatum, 5 for dorsal striatum. *p Ͻ 0.05 by two-tailed t test. C, Immunoreactivity of phosphorylated tau using the 12E8 antibody. There was intense staining in the insular cortex in Ntg and hT-337M mice (arrows). D, E, Immunoreactivity of phosphorylated tau using the CP-13 antibody in the insular cortex (D) and ventral striatum (E) of Ntg, hT-337M, and hT-WT mice. D, There was an age-dependent increase of phosphorylated tau in the insula in both Ntg and hT-337M mice. In hT-337M mice, phospho-tau pathology appeared in the insula as early as 2 months (D) and in the ventral striatum by 14 months (E). Scale bars, 10 m.
PSDs in ventral striatum of 14-month-old mice by electron microscopy (Fig. 6E) . Consistent with the mEPSC recordings and Golgi data, there was no change in the number of excitatory synapses, either onto dendritic spines or shafts (Fig. 6F ) . However, the total PSD area measured at excitatory synapses onto spines was decreased in hT-337M mice (Fig. 6 E, G) . Comparing the distribution of individual PSD sizes at dendritic spines confirmed that hT-337M mice had decreased PSD area, length, and width ( Fig. 6H-J ) .
The decreased PSD size in hT-337M mice predicted reduced levels of PSD-95, the major scaffolding protein for glutamate receptors at the PSD. Consistent with this hypothesis, PSD-95 levels were decreased in the ventral striatum of 22-month-old hT-337M mice (Fig. 7 A, B) . PSD-95 levels were also decreased in the insular cortex (Fig. 7 D, E) . Consistent with the regional selective vulnerability seen in the electrophysiological and biochemical studies, changes in PSD-95 levels were not observed in the dorsal striatum (Fig. 7 A, B) or motor cortex (Fig. 7 D, E) . Thus, these changes in the biochemical composition of excitatory synapses are selective to regions within the salience network. In hT-WT mice, PSD-95 levels were not decreased even in the ventral striatum and insular cortex at 22 months (Fig. 7C,F ) , consistent with the behavioral and electrophysiological data and indicating that these synaptic changes are not simply attributable to tau overexpression.
We next determined the age dependence of the decreased PSD-95 levels in the ventral striatum and insular cortex (Fig.  7 B, E) . PSD-95 levels were normal at weaning in both regions. In 2-month-old mice (before behavioral abnormalities were present), PSD-95 was decreased in the insular cortex but was normal in the ventral striatum, indicating earlier onset of abnormalities in the insula. In 14-month-old mice (the age of onset of repetitive behaviors), PSD-95 levels were decreased in ventral striatum of hT-337M mice. This age dependence and regional specificity is interesting given that the insular cortex is one of the first regions with reduced connectivity in FTD and ventral striatum dysfunction correlates with repetitive behaviors in FTD (Josephs et al., 2008; Zhou et al., 2010; Halabi et al., 2013) .
Regional pattern of phosphorylated tau predicts selective vulnerability in hT-337M mice
We next examined whether regional differences in tau phosphorylation could explain the selective vulnerability of the ventral striatum and insular cortex. In vitro, tau phosphorylation is necessary and sufficient for tau to mislocalize into dendritic spines and impair the synaptic localization of glutamate receptors (Hoover et al., 2010) . We looked at phosphorylation residues on tau that have been linked to somatodendritic mislocalization (Zempel et al., 2010) . Levels of tau phosphorylated at serine-262/ serine-356 (12E8) were much higher in ventral striatum than in dorsal striatum, in both Ntg and hT-337M mice at 14 months of age (Fig. 8A) . The higher levels of phosphorylated tau in the ventral striatum of hT-337M mice was not simply attributable to more human tau expression in ventral striatum, because human tau levels there were actually lower in the ventral striatum than in the dorsal striatum (Fig. 8B) . Together, this suggests a predilection for increased phosphorylated tau in the ventral striatum.
To better visualize the regional pattern of phosphorylated tau, we used immunohistochemistry. We compared tissue from 2-, 14-, and 22-month-old Ntg and hT-337M mice using multiple phosphorylated tau antibodies. Most strikingly, levels of phosphorylated tau (12E8, serine-262/serine-356) were markedly higher in the insula than in other cortical areas in both Ntg and hT-337M mice (Fig. 8C) . Additionally, phosphorylated tau (CP-13, serine-202) was present in the somatodendritic compartment in the insula in both Ntg and hT-337M mice, with more intense pretangle-like pathology in hT-337M mice (Fig. 8D) . Interestingly, this phospho-tau pathology appeared as early as 2 months of age in the insula of hT-337M mice (Fig. 8D) , the same age as the decreased PSD-95 levels in the insula (Fig. 7 D, E) . Phosphotau pathology did not develop in the insula of hT-WT mice even as late as 28 months of age (Fig. 8D) .
In the ventral striatum, somatodendritic mislocalization of phosphorylated tau was detectable at 2 months of age in hT-337M mice (Fig. 8E) , albeit much less abundant and less intense than in the insula (Fig. 8D) . In the ventral striatum of both Ntg and hT-337M mice, staining intensity increased with age. hT-337M mice developed phospho-tau pathology in the ventral striatum by 14 months of age (Fig. 8E) , the same age as the decreased PSD-95 (Fig. 7A,B) , with more granular staining at 22 months. Phospho-tau pathology did not develop in the ventral striatum of hT-WT mice even as late as 28 months of age (Fig. 8E) .
Interestingly, phosphorylated tau staining was much less intense in the motor cortex than in the insular cortex across all ages in Ntg mice (Fig. 8C) . Similarly, phosphorylated tau staining was less intense in the dorsal striatum than ventral striatum in Ntg mice, consistent with the biochemical data (Fig. 8A) . This regional pattern was repeated in hT-337M mice. Together, these data suggest a natural, age-dependent mapping of phosphorylated tau staining onto salience network regions in Ntg mice, which may predispose these regions to the abnormalities seen with mutant tau in hT-337M mice.
Increasing NMDAR function restores striatal neuron firing Next, we determined how the decreased excitatory synaptic input affected action potential output of ventral striatal neurons in hT-337M mice. NMDARs regulate the action potential firing of ventral striatal neurons during depolarized up states (Kerr and Plenz, 2002; Carter and Sabatini, 2004; Wolf et al., 2005) . Given the NMDAR hypofunction in hT-337M mice, we determined whether action potential output from ventral striatal neurons was decreased using whole-cell current-clamp recordings from ventral striatal neurons. Importantly, independent of synaptic input, the intrinsic membrane properties and properties of single action potentials did not differ between Ntg and hT-337M neurons (Table 1) .
To determine the effect of NMDAR hypofunction on action potential firing, we depolarized ventral striatal neurons to a subthreshold potential that acts as an artificial up state whereby excitatory inputs can further depolarize the cell to evoke action potentials. hT-337M neurons had dramatically fewer action potentials in this artificial up state (Fig. 9 A, D) , consistent with Whole-cell current-clamp recordings demonstrated that neurons in the ventral striatum of hT-337M mice have normal membrane excitability and are able to fire normal action potentials in response to current injections (n ϭ 23 neurons in 9 Ntg mice, 11 neurons in 5 hT-337M mice; p value from two-tailed t test for each measurement) AP, Action potential.
NMDAR hypofunction. In fact, action potential firing in hT-337M neurons was similar to that in Ntg neurons treated with APV, an NMDAR antagonist ( Fig. 9 B, D) . These results indicate that NMDAR hypofunction in hT-337M mice severely reduces the output of ventral striatal neurons. We next asked whether boosting NMDAR function using the NMDAR co-agonist cycloserine (Watson et al., 1990; Dravid et al., 2010) would restore action potential firing in hT-337M mice. Cycloserine completely reversed the impairment of striatal neuron firing (Fig. 9C,D) . Action potential frequency in slices from hT-337M mice treated with cycloserine did not differ from untreated Ntg slices. This finding suggests that NMDAR hypofunction in hT-337M mice reduces the calcium influx needed to generate action potentials and indicates that this deficit can be rescued by enhancing NMDAR function.
Increasing NMDAR function alleviates behavioral abnormalities in hT-337M mice
To determine whether targeting NMDAR hypofunction could also alleviate the behavioral abnormalities in hT-337M mice, we increased NMDAR function by systemic administration of cycloserine. First, we injected cycloserine acutely (20 mg/kg, i.p.) and measured its effect on grooming in 14-to 20-month-old mice. As expected, grooming time in saline-injected hT-337M mice was much higher than normal (Fig. 10A) . Consistent with its beneficial effects on striatal neuron firing, cycloserine significantly decreased grooming in hT-337M mice (Fig. 10A) .
We also examined the effect of cycloserine on the other behavioral abnormalities in hT-337M mice. Because the EPM is sensitive to the stressful nature of acute intraperitoneal injections and nesting is assessed over several days, we fed the mice cycloserine (20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 in chow) for several weeks; these studies were conducted in 18-month-old mice. In the EPM, hT-337M mice fed normal chow spent more time in the open arms, as expected, whereas hT-337M mice fed cycloserine chow spent less time in the open arms (Fig. 10B) . Consistent with the nesting deficits seen in younger (5-month-old) mice (Fig. 2J ) , hT-337M mice fed normal chow had impaired nest building (Fig. 10C) . However, even Ͼ12 months after the onset of nesting deficits, cycloserine improved nest building in hT-337M mice such that it was indistinguishable from controls (Fig. 10C) . These results indicate that targeting NMDAR hypofunction with cycloserine can reverse behavioral deficits in hT-337M mice.
Discussion
In this study, we sought to understand how a tau mutation causes salience network dysfunction and behavioral abnor- Figure 9 . Increasing NMDAR function in hT-337M mice restores action potential output of ventral striatal neurons. A-C, Representative traces of action potential firing in ventral striatal neurons held at a subthreshold potential (artificial up state) in untreated slices (aCSF, A) and slices treated with either APV (B) or cycloserine (C). D, Quantification of the number of action potentials fired from cells held at a subthreshold potential . hT-337M neurons fired fewer action potentials than Ntg in aCSF. Ntg neurons in APV fired fewer action potentials than Ntg neurons in aCSF.hT-337M neurons in aCSF and APV fired action potentials similarly. hT-337M neurons in cycloserine (Cyclo) fired more action potentials than hT-337M neurons in aCSF. aCSF neurons, n ϭ 9 Ntg, 9 hT-337M; APV neurons, n ϭ 7 Ntg, 6 hT-337M; cycloserine neurons, n ϭ 3 Ntg, 7 hT-337M; mice for all recordings, n ϭ 7 Ntg, 6 hT-337M, aged 14 -18 months. **p Ͻ 0.01, ***p Ͻ 0.001 by two-way ANOVA with Tukey's multiple comparisons test.
interesting, because it is not an artifact of the heterologous promoters often used in transgenic mice. In combination, these features make this mouse model advantageous for studying pathophysiological mechanisms that are characteristic of FTD, particularly aspects of FTD related to ventral striatal dysfunction and repetitive behavior, a core feature of the disease (Roberson, 2012) .
Our finding that mutant tau impedes the proper synaptic localization of glutamate receptors is consistent with a previous study showing similar effects in cultured neurons expressing a different tau mutation (P301L; Hoover et al., 2010) , emphasizing the importance of impaired glutamate receptor localization as a mechanism of tauopathy. Here, we identified a mechanism for this effect and showed that it occurs selectively in salience network regions (Figs. 6-8) , results in functional synaptic deficits in the ventral striatal circuit (Figs. 3, 9) , and can be effectively targeted to improve behavioral symptoms (Fig. 10) . Our data suggest that impaired synaptic localization of glutamate receptors in hT-337M mice may be attributable to mutant tau-mediated depletion of PSD-95 (Fig. 7) , which would provide less synaptic scaffolding for glutamate receptors at each synapse. In both tauexpressing cultured neurons (Hoover et al., 2010) and hT-337M mice (Fig. 6A) , abnormalities in synaptic glutamate receptor localization occur independent of neuron loss. The absence of neuron loss in this model enabled us to study early aspects of how tau produces synaptic and network dysfunction in specific brain regions, without confounds in the biochemical and electrophysiological analyses from loss of neurons. Interestingly, in both cultured neurons (Hoover et al., 2010) and hT-337M mice (Fig. 8) , impaired synaptic localization of glutamate receptors was associated with increased phosphorylated tau. The region and age dependence of tau phosphorylation corresponded with the region-and age-dependent decrease of PSD-95 in the insula and ventral striatum. Identifying which factors make these regions more prone to phosphorylated tau is an important goal for future studies.
Our studies suggest that NMDAR hypofunction may be a desirable treatment target for FTD. We found biochemical and electrophysiological evidence of NMDAR hypofunction, and the NMDAR co-agonist cycloserine protected against both electrophysiological and behavioral abnormalities. Despite the decrease in synaptic glutamate receptors, treatment with cycloserine restored action potential output from ventral striatal neurons (Fig.  9 ) and reversed behavioral deficits in hT-337M mice (Fig. 10) . The behavioral improvement included correction of nesting deficits that had been present for Ͼ1 year; thus, even long after onset, these abnormalities remained reversible.
Interestingly, although the NMDAR antagonist memantine is approved for treating patients with Alzheimer's disease, a recent study found that memantine worsened deficits in patients with FTD , consistent with the idea that NMDAR hypofunction contributes to FTD pathophysiology. Cycloserine is Food and Drug Administration-approved to treat patients with tuberculosis but can have neurological side effects at the high doses needed to act as an inhibitor of bacterial cell-wall synthesis. At lower doses, cycloserine has been used clinically to treat patients with social anxiety disorder (Hofmann et al., 2006) and tobacco dependence (Santa Ana et al., 2009) and is well tolerated at these low, neuro-active doses (Posey et al., 2004; Wilhelm et al., 2008; Otto et al., 2010; Cain et al., 2014) . We hypothesize that increasing NMDAR function may benefit FTD patients. With additional preclinical validation, this hypothesis could be tested in clinical trials using cycloserine, which represents a drug repurposing opportunity for FTD.
